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Artificial  ionospheric  disturbances  evidenced  as  fluctuations  in  plasaa  density  and  geoaagnetlc 
field  can  be  caused  by  powerful  radio  waves  with  a  broad  frequency  band  ranging  frow  a  few  KHz  to 
several  CHs.  The  fllaaentation  instability  of  radio  waves  can  produce  both  large-scale  plasaa 
density  fluctuations  and  large-scale  geoaagnetlc  field  fluctuations  simultaneously.  The  excitation 
of  this  instability  is  examined  in  the  VLF  wave  injection  experiments,  the  envisioned  MF  ionospheric 
heating  experiments,  che  Hf  ionospheric  heating  experlaents  and  the  conceptualized  Solar  Power 
Satellite  project.  Significant  geoaagnetlc  field  fluctuations  with  magnitudes  even  comparable  to 
those  observed  in  aagnetospherlc  (eub)storas  can  be  excited  in  all  of  the  cases  investigated. 

Particle  precipitation  and  alrglow  Enhancement  are  expected  to  be  the  concomitant  ionospheric 
effects  associated  with  the  wave-induced  geoaagnetlc  field  fluctuations^ 

I.  INTRODUCTION 

Manifest  ionospheric  disturbances  aay  be  produced  by  powerful  radio  waves  such  as  fluctuations 
in  ionospheric  density,  plasaa  teaperature,  and  the  earth's  magnetic  field  (see  e.g.,  Fejer,  1979; 
Stubbe  et  al.,  1982).  Among  them,  we  single  out  for  discussion  the  excitation  of  ionospheric 
density  irregularities  and  the  geoaagnetlc  field  fluctuations.  The  interesting  finding  in  our 
theoretical  analyses  is  that  the  geoaagnetlc  field  fluctuations  aay  be  excited  simultaneously  with 
large-scale  field-aligned  ionospheric  irregularities  by  radio  heater  waves.  The  frequencies  of 
radio  heater  waves  may  be  as  low  as  in  the  VLF  bend  and  as  high  as  in  the  SHF  band. 

Unexpectedly  large  perturbations  in  the  earth's  magnetic  field  (~l0.8y)  were  observed  in  the 
Tromsd  HF  ionospheric  heating  experiments  (Stubbe  and  Kopka,  1981;  Kuo  and  Lee,  1983).  Trans¬ 
mitters  operated  at  frequencies  close  to  but  less  than  the  local  electron  gyrofrequency  are  ex¬ 
pected  to  cause  both  plasaa  density  fluctuations  and  geoaagnetlc  field  fluctuations  in  the 
ionosphere  if  MF  signals  are  transaltted  or  in  Che  magnetosphere  if  VLF  signals  are  injected,  in¬ 
stead  (Lee  and  Kuo,  1984).  Microwave  transmissions  at  the  conceptualized  power  density  (230  V/m2) 
from  the  Solar  Power  Satellite  (SPS)  are  also  ejected  to  perturb  the  earth’s  aagnetlc  field  sig¬ 
nificantly  in  the  ionosphere  along  the  been  path.  Our  studies,  therefore,  add  an  additional  effect 
to  chose  that  should  be  assessed  as  the  possible  environmental  iapact  of  the  SPS  program. 

The  formulation  of  the  theory  is  first  presented  in  Section  I.  In  che  subsequent  four  sections 
(i.e. ,  Sections  III-V1),  we  discuss  che  excitation  of  the  instability  in  the  VLF  wave  injection 
experiments,  the  envisioned  MF  ionospheric  heating  experiments , the  Tromsd  HF  ionospheric  heating 
experiments,  and  the  conceptualised  Solar  Power  Satellite  program,  respectively.  The  conclusions 
are  finally  drawn  in  Section  VII  with  a  brief  discussion. 

II.  THEORY 

For  aiapltclty,  radio  waves  are  assumed  to  be  circularly  polarized  propagating  along  the  earth's 
magnetic  field.  This  is  a  reasonable  assumption  for  the  VLF  wave  injection  experlaents  and  the 
Tromsd  HF  ionospheric  heating  experlaents.  As  for  the  microwave  propagation,  the  geoaagnetlc  field 
imposes  a  relatively  immaterial  effect.  If  the  positive  z  axis  of  a  rectangular  coordinate  system 
represents  the  wave  propagation  direction  and  is  taken  to  be  parallel  to  the  geoaagnet 1c  field,  the 
monochromatic  radio  wave  with  frequency,  ■:  ,  and  wave  vector,  k  .  con  be  represented  by  E  (r.t)  ■ 

A  A  ®  *0  * 

c  (x  ♦  iy)  exp  Jl(k  z  -  a  t)|  +  C.C.  where  the  wave  field  aaplltude,  c  ,  is  assumed  to  be  a  constant; 
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the  ♦  signs  dsslgnsts  ths  right-hand  and  ehs  la ft -hand  circular  polarisations,  respectively. 

Sines  ths  wavs  flald  Interacts  with  ths  charged-particles,  the  plasmas  experience  a  radiation 
pressure  force  (l.e.>  the  nonlinear  Lorents  force)  and  a  thermal  pressure  force.  The  latter  force 
results  from  the  colllslonal  dissipation  of  wave  energy  In  plasmas.  If  the  wave  field  is  Intense 
enough,  a  sideband  mode  (c^)  can  be  excited  together  with  zero- frequency  nodes  via  the  fllaaentatlon 

Instability,  this  Is  similar  to  the  self-focusing  Instability  of  a  radio  wave  beam.  This  high- 
frequency  sideband  Is  a  quasi-mode,  satisfying  the  Fourier  transform  wave  equation 
2 

[k2  +  k2 - - — )  1  -  k2  zs  -  k*  xx  +  lk  | —  (  xz  +  ix)  1  •  e.  *1  -  (J  +  J  )  (1) 
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where  —1  »  (-11  cos  kx  +  z  Is  sin  kx)  exp  (yt)  is  the  wave  field  perturbation  with  the  growth  rate, 
Y,  and  the  filamentation  wave  vector,  k  -  $k;  J.  and  J  represent  the  induced  linear  and  nonlinear 

-me  l 

electric  current  densities.  While  given  by  -en^  results  from  the  linear  response  of  electrons 

to  the  sideband  field  (e, ) ,  J  includes  two  parts,  -en  V  and  -einV  ,  that  are  nonlinear  beating 
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currents  caused  by  the  nonlinear  coupling  between  the  purely  growing  mode  (in  and  iB)  and  the  in- 

cldent  wave  field  (c  ).  The  electron  velocity  perturbations  denoted  by  V  ,  V. ,  and  V  t  have  the 
following  expressions:  ^ 
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where  j  ■  o,  1  represents  the  response  of  electrons  to  the  Incident  wave  field  (eq)  and  the  side¬ 
band  field  (e.)  respectively; 
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VM  *  -  1-2—  - - -  [V  x  z  +  1  -2-  V  ]SB  is  the  electron  velocity  perturbation  Induced  by 
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the  V  x  6B  Lorents  force,  where  M,  B  ,  e,  and  c  have  their  conventional  meanings  as  the  electron 
»o  -v  e 

mass,  the  electron  gyrofrequency,  the  electric  charge,  and  the  speed  of  light  in  vacuum,  respective¬ 
ly.  Because  of  the  large  inertia,  the  corresponding  ion  responses  have  been  Ignored. 

The  purely  growing  mode  has  the  general  fora  of  5P  “  4P  (cos  kx)__exp  (yt),  that  Is  associated 
with  the  excitation  of  both  the  plasma  density  fluctuations  (l.e.,  4P  ■  5n)  and  the  geomagnetic 
field  fluctuations  (l.e.,  6?  ■  z  iff).  It  Is  the  wave-induced  quasi -DC  current  that  gives  rise  to 
the  magnetostatic  fluctuations.  This  can  be  seen  in  the  Maxwell  equation 


(k2  +  ~  SA  -  e  H  (iV  -  SV)  “  *» 
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Where  4A  is  the  vector  potential  defined  by  TxiA  -  6}  and  the  Coulomb  gauge  V»6A  «  o  has  been 

chosen  In  (2).  The  wave-induced  quasi -DC  current,  4J  ”  en  ( 5V.  -  iV  )  ,  and  a~relatlon  between 

-y  *l  y 

in  and  6B  can  be  derived  from  Equation  (2) ,  the  continuity  equation  and  the  momentum  equation  for 
both  electrons  and  ions.  They  are 


+  kc2](f-  )> 
*  "o 


[1  +  (1  + 


where  M,  (3, ,  u  ,  c  ,  v  ,  and  v.  are,  respectively,  the  Ion  mass,  ths  Ion  gyrofrequency,  the 
X  p®  8  8  in 

electron  plasma  frequency,  the  ion  acoustic  velocity,  the  electron-ion  collision  frequency,  and  the 
lon-neutral  collision  frequency;  iT#  Is  the  electron  temperature  perturbation  caused  by  the 

colllslonal  dissipation  of  the  radio  pump  and  the  excited  sideband;  and  F  Is  the  x  component  of 
the  nonlinear  Lorents  force  ^  ** 

F,  -  -7(7*  •  Vx  +  Wo  .^VJ,  ♦  if-  -  U  (VJ^  ♦  F  V*,  x  2  ♦  V*  x 
(7  x  (Vx  x  s)]  -  Vo  x  (7  x  (V*  x  s)))  0  ^ 

It  is  seen  from  (3)  that  the  wave-induced  quasl-DC  current  is  primarily  caused  by  the  F  x  B 

drift  motion  of  electrons  under  the  influence  of  ths  thermal  pressure  force,  n  0/3x)iT  ,  and  the 
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nonlinear  Lorents  force,  n  F 

o  tx 


The  electron  temperature  perturbation  (JI^)  obtained  from  the 
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electron  energy  equation  la  found  to  ba 

2  ^a  +  YT_dn 
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where  Q#  •  2v4n0B  +  *o*  ls  th*  wav,!  ener8Y  dlaaipatlon  rate  In  the  electron  gaa  due  to 

the  differential  Ohnic  loaa  of  the  Incident  wave  and  the  excited  8ldebanda,  and  y  ■  y  +■  2v  (a/M)  + 
vak*  V2/Jl2 ,  where  V(  la  the  electron  thermal  velocity. 

Equation  (4)  ahowa  that  the  aiaultaneously  excited  <$n  and  6B  are  proportional  to  each  other.  In 
all  caaea  under  atudy,  v^»y  and  k2c2>>y2.  Therefore,  Equation  (4)  can  be  reduced  to 

a  U  +  £-)  (i^)]  (|L)  (*') 

° 

Indicating  that  if  (v#/y)(k2c2/w^)is  much  greater  than  unity,  the  nagnetostatlc  fluctuatlona 
(5B/Bq)  la  much  leaa  than  the  plaaaa  density  fluctuations  (Sn/nQ) .  It  is  thus  expected  that  signi¬ 
ficant  magnetic  field  fluctuations  ara  associated  with  the  excitation  of  large-scale  (l.e.,  small  k) 
modes. 

The  coupled  mode  equation  for  the  purely  growing  mode  that  can  be  obtained  from  (2)  and  (3)  with 
the  aid  of  (5)  has  the  expression  of 

{(y2  ♦  k2c2)  U  ♦  S  (1  ♦  ^  )  «  ♦  “^*>«  -  |j“  Qe  (6) 
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where  f  -  <yvln  +  k2c2  +  2  yk2V2/3y) ;  vln  -  y  vin;  upl  and  V#  are  the  Ion  plasma  frequency  and  the 

ion  plasma  frequancy  and  tha  ion  thermal  velocity.  It  should  be  mentioned  that  the  nonlinear 
Lorentz  force  term  (F^)  has  been  neglected  la  (6)  because  It  is  negligibly  small  compared  to  the 

differential  Ohmic  heating  force  term  (Q  ).  Substituting  (4*)  Into  (6)  and  eliminating  in  from 
(l)  and  (6)  yields  the  dispersion  relation 
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F+(F_)  and  q^(q_)  correspond  to  the  right  -  (left  -)  hand  circularly  polarized  wave.  The  thresh¬ 
old  field  <eth)  of  tha  Instability  la  determined  from  (7)  by  taking  y  -  0,  namely, 

„  k*V2 

i^m  |. .  o.„  <*«  *  ".)■  « s  ♦  >  » * *,  -  y,) 

“  vj.  « - 1,  - i,>  <»> 

These  characteristics  of  tha  instability  are  discussed  separately  for  different  wave  frequancy 
regimes  of  tha  incident  radio  waves  as  follows. 

hi.  vur  wn  nuicTioN  romnnrrs 

The  Vtf  signals  tranamltted  from  tha  Sip la  circular  polarisation  (l.e.,  whistler  modea)  on 
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their  pttkt  through  the  neutral  atmosphere  and  Into  eha  lonoaphara  (Kintner  at  al. ,  1983).  The 
whistler  waves  are  assumed  to  satisfy  the  cold  plasea  dispersion  relation 

«2  k2c2 

l  _  os  _o _ 
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in  the  wave  propagation  regime  s  |nt|  «  uo  <  |nj.  Since  the  positive  z  axis  represents  the  wave 
propagation  direction  and  has  been  taken  to  be  parallel  to  the  geoaagnetlc  field,  ^ >(<)  0  for 
the  right-  (left-)  hand  circularly  polarized  wave  and  thus 

%  *  *  *  Jo  -  Jpe  *  1  <“o  *  ln.!>  (uo  -  Jpe  *  kV>  and  *4-  "  <  “  k*«*  (',*  -  ^)  / 
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for  a  whistler  aode. 


In  the  upper  atmosphere,  the  electron  plasea  frequency  is  auch  greater  than  the  electron  cyclo¬ 


tron  frequency,  viz.,  u  »  3  >  u 
pe  e 

i  -  -  k2c*  (r.2  -  <  o. 

to  be  negative,  namely. 
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+  k2c2) 


2.  Therefore,  P  a  -  u  w2  /  ( | £1  |  -  0  )  (u2  +  k2c2)  <  0  and 
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The  positive  RHS  of  (8)  thus  requires  the  factor,  (1  +  P  -  q), 

k2c2(|n  |  +  u  > 

- £ - 2 —  <  o.  (10) 

+  k^>  ln*l 


For  the  excitation  of  large-scale  modes  (i.e.,  u2#  >>  k2c2),  the  above  inequality  leads  to  ug  > 

|qJ/2.  In  other  words,  the  filamentation  instability  of  whistler  waves  that  generate  both  plasma 

density  fluctuations  and  geoaagnetlc  field  fluctuations  can  only  be  excited  within  the  narrow 
frequency  range: 

|flj  >uo>|flJ/2  (ID 

Since  |a  |«»  1.4  MHz  in  the  ionosphere  (c.g.,  the  F  region)  end  |n#|'*  13.65  >Hz  in  the  magnetosphere 

at  L  >  4.0.  the  condition  for  the  instability  shown  in  (11)  leads  to  the  following  conclusions.  The 
frequencies  of  VLF  signals  that  are  injected  in  the  active  VLF  wave  experiments  typlcslly  range  from 
a  few  KHz  to  a  few  tens  of  KHz  (<30  KHz).  These  signals  are  not  expected  to  cause  ionospheric  dis¬ 
turbances  via  the  filamentation  Instability.  But  those  with  frequencies  larger  than  6.83  KHz  but 
less  than  13.65  KHz  can  excite  the  instability  in  the  magnetosphere  at  l  ■  4.0.  It  is  predicted 
from  (11)  that  ionospheric  dlstrubances  caused  by  the  fllsmnntatlon  instability  of  whistler  waves 
are  possible  if  the  wave  frequencies  are  less  than  |  | «»  1 . 4  MHz  but  greater  than  | | /2-» 0.7  MHz, 

namely,  whistler  waves  in  the  MF  band  can  cause  lsrge-scale  ionospheric  density  irregularities  and 
geomagnetic  field  fluctuations  in  the  ionosphere.  Quantitative  analyses  of  these  two  cases  are 
illustrated  as  follows. 


The  relevant  magnetospherlc  parameters  used  in  this  work  include  Ifl^l /2ir  -  13.65  KHz  (i.e., 

8  ~  500  y),  j  /2ir  ■  179  KHz,  T  “  0.4  ev,  and  M(H+)/m  ■  1840.  If  the  VLF  wave  frequency  is  10.9 
o  pc  o 

KHz,  i.e.,  | n  |  »  0.8,  the  threshold  field  (eth)  calculated  from  (9)  are  e.g.,  12  wV/m  and 

2  uV/m  for  the  excitation  of  modes  with  scale  lengths  of  10  Km  and  100  Km,  respectively.  These 
threshold  fields  can  be  exceeded  by  the  injected  VLF  waves  from  the  Slple  station  even  in  the"non- 
ducted"  whistler  propagation  mode.  The  growth  rates  of  the  Instability  expressed  in  terms  of  the 
threshold  field  is  obtained  from  (7)  as 
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This  equation  can  ba  easily  solved  for  y  under  the  following  assumptions:  v^»y#  t2C2  »Y  Vin. 
and  m/M  »  k*  V2/rt2  that  can  be  confirmed.  For  large-scale  modes,  u>^»  h*c2  (i.e..  4  »  1.7  Km), 
the  growth  rate  is  found  to  have  the  following  simple  expression  Y<- (2v^kV>/|Sl<|)  (e^/c^) .  This 
growth  rate  turns  out  to  be  independent  of  the  scale  lengths  because  as  shown  in  (9),  c£h  «  k.  Al 
though  the  threshold  of  the  instability  can  be  exceeded  by  the  "non-ducted"  whistler  aode  in  the 


magnetosphere  it  L  •  4.0,  Che  growth  rate  la  rather  snail  (••I0~s  He)  If  e  /e  jp*  0(1)  because  of  Che 
snail  electron- ion  collision  frequency  (~0. 1  Hz).  However,  the  c  /c_.of  the  "ducted"  whistler  node 

O  Cn 

aay  be  increased  by  two  to  three  orders  of  magnitude  though  only  20X  of  the  Injected  VLF  waves  are 
found  to  propagate  in  the  "ducted"  whistler  mode  (Carpenter  and  Miller,  1976).  The  growth  rate  of 

ducted  whistler  waves  can  be  as  high  as  (10  3  -  10  2 )  Hz,  namely,  the  instability  can  be  excited  by 
the  ducted  node  within  a  few  minutes. 

For  modes  with  scale  lengths  >10  Km,  (in/nQ) ts  ( iB/BQ)  from  (4’).  Presumably,  a  few  percents  of 

magnetospheric  density  fluctuations  are  able  to  be  generated.  Then,  a  few  percents  of  geomagnetic 
field  fluctions  in  the  magnetosphere  at  L  *  4.0  is  of  the  order  of  10  y(c. f .  the  background  magnetic 
field~500  y),  that  aay  significantly  affect  the  orbits  of  charged  particles.  The  scintillations  of 
the  Slple  signals  received  at  Roberval,  Canada  (Inan  et  al.,  1977),  may  be  attributable  to  the 
excitation  of  large-scale  plasma  density  fluctuations  in  the  magnetosphere  by  the  Injected  VLF  waves 
via  the  fllamentation  instability. 

IV.  ENVISIONED  MF  IONOSPHERIC  HEATING  EXPERIMENTS 

The  ionospheric  heating  facilities  located  at,  for  example,  Areclb^  (Puerto  Rico),  Boulder 
(Colorado),  and  Tromad  (Norway)  are  currently  operated  at  lowest  frequencies  on  the  order  of  3  MHz. 
The  transmission  of  signals  at  frequencies  close  to  the  electron  gyrofrequency  ({  1.4  MHz)  would 
require  a  major  antenna  and  transmitter  change.  In  our  "envisioned"  MF  ionospheric  heating  experi¬ 
ments,  we  adopt  the  typical  ionospheric  parameters:  1^1/2*  -  1.4  MHz  (l.e.,  Bq“  S  x  10V  y), 

6  MHz,  and  M((H-)/m  -  16  x  1840.  The  threshold  fields  of  the  instability  excited  by  the  Incident  MF 
wave  at  1.12  MHz  (l.e.,  u  /|li  {  -  0.8)  are  found  from  (9)  to  be  6  mV/m  and  0.4  mV/m  for  the  excita¬ 
tion  of  modes  with  scale  lengths  of  100  m  and  1  Km,  respectively.  If  we  assume  that  cq  ”  0.3  V/m, 

the  growth  rate  of  the  instability  for  large-scale  modes  (l.e.,  u2  »  k2c2  or  X  »  50  m)  is  about 

•  pe 

1  Hz.  Under  the  Illumination  of  powerful  MF  radio  waves,  large-scale  ionospheric  disturbances  can 
be  produced  in  seconds. 

It  is  obtained  from  (4')  that  (Sn/n  )  s  2.3  (SB/B  )  (e.g.,  X  -  1  Km)  for  modes  with  X  »  50  m. 

o  o 

The  excitation  of  a  few  percents  of  ionospheric  density  fluctuations  are  accompanied  by  the  con¬ 
comitant  excitation  of  geomagnetic  field  fluctuations  of  the  order  of  500  y,  that  is  comparable  to 
the  perturbation  in  a  severe  magnetospheric  (sub)storm. 

V.  HF  IONOSPHERIC  HEATING  EXPERIMENTS 


The  HF  radio  waves  transmitted  in 
quencies  greater  than  the  electron  gyrofrequency 


ionospheric  heating  (or  modification)  experiments  have 
frequency  ('a)2  »  tir)  but  less  than  F0F2  in  the  lonosphe 


fre- 

.  _ _  .  _  _______  ionosphere. 

Ordinary  (0)  or  extraordinary  (X)  modes  have  been  employed.  At  the  Tromsd  facilities,  these  modes 
can  be  represented  by  two  circularly  polarized  waves  propagating  along  the  geomagnetic  field.  Since 
the  wave  propagation  direction  is  antiparallel  to  the  geomagnetic  field,  the  X  and  0  modes  correspond 
to  s  left-hand  and  a  right-hand  circularly  polarized  wave,  respectively,  and  satisfy  the  dispersion 
relations:  k2c2 

P*_  ..  .  _2 —  (U) 

“A  i  nu>  ,.,2 


1  - 


where  the  p  signs  denote  the  left-and  right-hand  circularly  polarized  waves,  respectively. 


Near  the  reflection  heights  of  these  pump  waves  (i.e.,  k  -  0),  it  is  from  (12)  that 
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f  |nj).  In  this  case,  P,,  given  by  (8a)  approximately  vanish  and  q ~^t2c2 (u»Q* | £1^  [ ) /'^*  1 from 


(8b) .  Expression  (9  )  then  reduces  to 
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where  q^  (q_)  is  for  the  right-  (left-)  hand  circularly  polarized  wave.  While  the  factor,  (4-q+), 
is  positive,  a  positive  (4  -  q_)  requires  that  q_<  4,  viz.,  X  >  (irC/w^)  l(w0+  |ft#|  )/|fl#|  I*1  (1*) 
that  esa  thus  ensure  the  positive  RHS  of  (13).  If  we  take  |o#|/2if  *  1.4  Mis,  V{  ■  1.3  x  10s  m/sec, 
M(0+) /»  -  16  x  1840,  wq/2x  »  4.04  MHz,  the  scale  lengths  of  the  nodes  that  are  excited  by  the  X  mode 

canaot  be  less  than  70  metSTS  according  to  (14).  By  contrast  no  minimum  scale  length  is  found  in 
the  case  of  0  mode  heating. 


The  threshold  fields  of  kilometer-scale  instability  excited  by  either  X  or  0  mode  ere  e  few 
mV/m  calculated  from  (13)  that  are  quite  snail  compared  with  the  incident  power  densities  (~1  V/a)  of 
the  Tronsd  signals.  Although  the  growth  rate  of  the  instability  is  generally  a  function  of  scale 
lengths,  it  has  an  asynptotlc  value  found  to  be 


~2.5  x  10 
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v  J  |e  | 
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~  3.4  x  10  Hz  for  x  -  node  heating 


> 


~3.0  x  10  2  Hz  for  0  -  node  heating 

when  the  scale  lengths  exceed  a  few  hundreds  of  meters.  It  thus  takes  a  few  minutes  for  the  in¬ 
stability  to  be  excited  in  agreement  with  the  observations  that  HF  wave-induced  geomagnetic  field 
fluctuations  needs  a  few  minutes  for  development  (Stubbe  and  Kopka,  1981).  Substituting  •  SOO  Hz, 

Y  •  3.4  x  10  2Hz,  >.  »  1  Km,  j.  /2-^  “  3.4  MHz  and  Bq  ■  5  x  10“  y  into  (4#),  we  have  SB  •  4.4  x  102  ( 
Sn/no)  •  (4.4  -  44)  y  for  (Sn/n^)  “  (1  -  10)1  also  in  agreement  with  the  Stubbe  and  Kopka's  experi¬ 
ments. 


VI.  CONCEPTUALIZED  SOLAR  POWER  SATELLITE  (SPS)  PROJECT 

The  conversion  of  solar  energy  into  microwaves  is  the  basic  idea  behind  the  conceptualized 
Solar  Power  Satellite  (SPS)  project.  The  microwave  energy  would  be  transmitted  from  the  satellite  to 
the  surface  of  the  earth  at  a  frequency  of  2.4S  GHz,  that  is  much  greater  than  the  electron  gyro- 
frequency  (|0e|).  The  cross  section  of  the  microwave  beam  has  been  estimated  to  have  a  linear 

dimension  of  10  Km  in  the  ionosphere,  and  the  incident  power  density  at  the  center  of  the  beam  would 
be  as  high  as  230  W/m2  (i.e.,  the  wave  field  intensity  is  about  640  V/m). 


The  formulation  outlined  above  for  the  excitation  of  both  plasma  density  fluctuations  and  geo¬ 
magnetic  field  fluctuations  can  be  also  applied  to  the  case  of  SPS  project  after  some  modifications. 
First  of  all,  the  microwave  beam  does  not  necessarily  propagate  along  the  geomagnetic  field.  Ther- 
fore,  the  positive  z  axis  taken  as  the  wave  propagation  dlrcctlonis  generally  not  in  the  direction 
of  the  geomagnetic  field  in  this  case.  The  polarization  of  the  microwave  is  assumed  to  be  within 
a  meridian  plane  (i.e.,  the  assumption  of  an  ordinary  mode)  for  efficiently  exciting  the  field-align¬ 
ed  modes.  Hence,  the  geomagnetic  field  perturbations  (4B)  are  still  in  the  direction  of  the  back¬ 
ground  earth's  magnetic  field. 


Since  u  » 

o 


|f>e|,  we  then  have  P+  •  l  from  (8a)  and  q^ ••  from  (8b)  by  taking  | |»0  (i.e.. 


equivalent  to  an  unmagnetized  plasma  case). 

,et  -  '  2 


The  threshold  field  given  by  (f)then  reduces  to 


-  o.38  —  k2V2  (2  S  ♦  k2  —  ). 
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(15) 


Using  wo/2t  -  2.45  GHz,  o>  /2w  -  6  MHz,  V.  -  1.3  x  10*  m/sec,  |n  | /2*  •  1.4  MHz,  and  m/M(0+)-3.4xlo"5 
in  (15),  we  obtain  *th  «  2.89xl0*/l.  For  Instance,  2.89  V/m  (  2.89  V/m)  for  the  excitation  of  the 
modes  with  a  scale  length  of  100  m  (1  Km).  The  growth  rate  derived  from  (7)  has  the  approximate  form 


I  -  2ve(2  S_)*  (16) 

cn4  eth 

In  spite  that  the  power  density  of  the  microwave  beam  is  not  uniform,  we  assume  a  constant  value  of 
20  W/m2  (~60  V/m),  that  is  about  one  tenth  of  the  maximum  Intensity  at  the  beam  center,  for  the* 
calculation  of  the  growth  rate.  Then, if  v is  taken  to  be  500  Hz,  y~5  Hz  for  theexcitatlon  of  one 

kilometer  scale  modes,  namely,  it  takes  a  few  seconds  for  the  f ilamentatlon  instability  of  micro¬ 
waves  to  be  excited. 


The  percentage  of  the  geomagnetic  field  fluctuations  is  estimated  from  (4')  as  (iB/B^)  >0.4 

(4n/n  ),  that  has  a  comparable  magnitude  to  that  of  ionospheric  density  fluctuations.  For  the  IT  of 
o 

(4n/n  ),  the  geomagnetic  field  fluctuations  (4B)  can  be  as  large  as  200  y.  Such  large  geomagnetic 
o 

field  fluctuations  are  expected  to  significantly  perturb  the  orbits  of  charged  particles  and,  con¬ 
sequently,  to  cause  particle  precipitation  and  alrglow  effects.  These  looospherlc  effects  intro¬ 
duced  by  the  powerful  microwave  beams  should  be  taken  into  account  in  the' evaluation  of  environ- 
mental  Impacts  of  the  conceptualised  Solar  Power  Satellite  program. 


VII.  CONCLUSION  AND  DISCUSSION 


. »  » 


Ionospheric  and  aagnaeosphsrlc  disturbances  evidenced  ee  fluctuations  In  plasma  density  and 
geomagnetic  field  can  be  generated  by  powerful  radio  waves  with  frequencies  as  low  as  a  few  Kite  and 
as  high  as  several  GHi .  Depending  on  the  Incident  power  density  of  radio  waves,  ionospheric  (or 
magnetospheric)  plasma  density  fluctuations  and  geomagnetic  field  fluctuations  can  be  excited  simul¬ 
taneously  by  the  fllamentatlon  Instability  of  radio  waves  within  a  few  seconds  or  minutes,  this 
Instability  typically  has  kllometrlc  scale  lengths  In  the  Ionosphere  and  tens  of  kllometrlc  scale 
lengths  In  the  magnetosphere. 

Radio  waves  with  frequencies  less  than  the  electron  gyrofrequency  may  propagate  In  a  whistler 
mode.  The  excitation  of  the  fllamentatlon  Instability  Is  only  possible  for  those  with  frequencies 
greater  than  half  the  local  electron  gyrofrequency.  This  criterion  for  the  instability  leads  to 
the  conclusions  chat  the  Injected  VLF  signals  can  produce  magnetospheric  rather  than  Ionospheric 
disturbances.  It  Is,  however,  predicted  that  Ionospheric  disturbances  can  be  Induced  by  MF  signals 
whose  frequencies  are  less  than  1.1  Ms  but  larger  than  0.7  MHz . 

In  the  HF  ionospheric  heating  experiments  (w*  »  ft2) ,  both  the  ordinary  and  the  extraordinary 
modes  have  been  used.  The  scale  lengths  of  the  instability  are  found  to  have  e  cut-off  In  the  case  of 
extraordinary  wave  heating.  The  microwave  beams  that  are  transmitted  from  the  conceptualized  Solar 
Power  Satellite  to  the  surface  of  the  earth  are  also  sxpected  to  cause  large  Ionospheric  disturbances 
in  their  ordinary  mode  propagation.  The  geomagnetic  field  fluctuations  caused  by  the  fllamentatlon 
instability  of  radio  waves  are  very  significant  In  all  of  the  cases  discussed  in  this  paper.  Their 
magnitudes  may  even  become  comparable  to  those  seen  In  the  magnetospheric  (sub) storms. 

It  is  interesting  to  note  from  (9)  that  the  threshold  field  of  the  instability  Is  Inversely 
proportional  to  the  electron  plasma  frequency.  Therefore,  Ionospheric  disturbances  excited  by 
radio  waves  should  be  most  noticeable  In  the  F  region.  Finally,  It  should  be  pointed  out  that  the 
nonlinearity  for  the  node  coupling  Is  dominantly  provided  by  the  thermal  pressure  force  due  to  the 
colllsional  dissipation  of  the  pump  wave  field  and  the  excited  high-frequency  sideband  field  In  the 
electron  gas.  To  emphasise  this  outstanding  feature,  the  lnsteblllty  nay  be  adequately  termed  the 
thermal  fllamentatlon  Instability  of  radio  waves. 

RRFRREMCRS 

Carpenter,  D.L.,  and  T.R.  Miller,  Ducted  megoetospherlc  propagation  of  signals  from  the  Slple, 
Antarctica,  VLF  transmitter,  J.  Ceopbys.  lee.,  91,  2692,  1976. 

Fejer,  J.A.,  Ionospheric  modlflcetlon  and  parametric  Instabilities,  Rev.  Geophys.  Space  Phys.,  17, 

135,  1979. 

Inan,  U.S.,  T.F.  Bell,  D.L.  Carpenter,  and  l.l.  Anderson,  Explorer  65  and  Imp  6  Observations  in  the 
magnetosphere  of  Injected  waves  from  the  Slple  Station  VLF  transmitter,  J.  Geophys.  Res.,  82, 
1177,  1977. 

Kintner,  P.M.,  I.  Brittain,  M.C.  Kelley,  D.L.  Carpenter,  and  M.J.  lycroft.  In  s?tu  measurements  of 
trans- Ionospheric  VLF  wave  injection,  J.  Geophys.  Res.,  83,  3235,  1978. 

Kuo,  S.P.,  and  M.C.  Lee,  Earth  magnetic  field  fluctuations  produced  by  fllamentatlon  Instabilities 
of  electromagnetic  heater  waves,  Geophys.  Res.  Lett.,  10,  979,  1983. 

Lee,  M.C.,  and  S.P.  Kuo,  Excitation  of  magnetostatic  fluctuations  by  fllamentatlon  of  whistlers,  to 
be  published  In  the  April  issue  of  Journal  of  Geophysical  Research  (Space  Physics),  1984. 

Stubbe,  P.,  and  H.  Kopka,  Modification  of  the  polar  electroject  by  powerful  HF  waves,  J.  Geophys. 

Res.,  82,  2319,  1977. 

Stubbe,  P.,  H.  Kopka,  M.T.  Rietveld,  and  R.L.  Dowden,  ELF  and  VLF  wave  operation  by  modulated  HF 
heating  of  the  current  carrying  lower  Ionosphere,  J.  Atmos.  Terr.  Phys.,  44,  1123,  1982. 

ACKNOWLEDGMENTS 


This  work  was  supported  by  APGL  contrsct  F19628-83-K-0024  at  Regis  College  Research  Center  and 
jointly  In  part  by  the  NSF  grant  ATM-8315322  and  in  part  by  the  AFOSR  grant  AF0SR-83-0001  at 
Polytechnic  Institute  of  New  Tork. 


1*  REPORT  SECURITY  CLASSIFICATION 


REPORT  DOCUMENTATION  PAGE 


lb.  RESTRICTIVE  MARKINGS 


70  SECURITY  CLASSIFICATION  AUTHORITY 

N/A 


3b.  OECLASSIFlCATiON/OOWNGRApiNG  SCHS OULS 

N/A 


a.  performing  organization  refort  numserisi 


■a.  NAME  OF  PERFORMING  ORGANIZATION 

Regis  College 


Sc.  AOORCSS  icily.  State  and  ZIP  Co dp) 

235  Wellesley  Street 
Weston,  MA  02193 


So.  NAME  OF  FUNOING/SPONSORINO 
ORGANIZATION 

Air  Force  Geophysics  Lab. 


Sc.  AOORESS  icily.  Slate  and  ZIP  Cod* I 


OFFICE  SYMSOL 
ll/appUeabtel 


3.  0*$TRIEUTlON/A VAILASILITY  OF  REPORT 

Approved  for  public  release,  distribution 
unlimited 


S.  MONITORING  ORGANIZATION  REPORT  NUMBERISI 

AFGL-TR- 84-0297 


To.  NAME  OP  MONITORING  ORGANIZATION 

Air  Force  Geophysics  Laboratory/LlS 


7b.  ADDRESS  (City.  State  and  ZIP  Cabal 

Hanscom  AFB,  MA  01731 


ie  SOURCE  OP  PUNOINSTNOS. 


Hanscom  AFB,  MA  01731 
John  A.  Klobuchar 


ii.  title  iinciudt  Ueuriiy  Artificial  Ionospher 

Disturbances  caused  by  Powerful  Radio  Waves 


13.  personal  AuTMORCS) 

uo  * 


TASK 

WORK  UNIT 

NO. 

NO. 

09 

AB 

1 

13a  type  op  report 
Scientific-  Reprint 


74.  OATS  OP  REPORT  fYr..  Mb..  Day! 

1984  November  19 


is.  page  count 
7 


13b.  TIME  COVEREO 
PROM _  TO 


is  supplementary  notation  *p0lytechnic  Institute  of  NY,  Long  Island  Center , Farmingdale ,NY 

noSpheric  Effect  Symposium,  Alexandria,  Virginia, 

1-3  May  1984 


17.  COSATI  COOES 


GROUP 


ia  SUBJECT  TERMS  ICon Rnna  on  nnrn  if  nmol  and  Ibaabftr  by  Mac*  numkdr) 

Fllamentation  instability,  magnetospherlc  substorms, 
conceptualized  solar  power  satellite  program. 


IE.  ABSTRACT  I  Con  Unite  on  mpw  if  MOT  Mary  and  Mrmtify  fey  Stack  mum  feat/ 

Artificial  fonospherlc  disturbances  evidenced  as  fluctuations  in  plasma  density  and  geo¬ 
magnetic  field  can  be  caused  by  powerful  radio  waves  with  a  broad  frequency  band  ranging 
from  a  few  KHz  to  several  GHz.-  The  filamentation  instability  of  radio  waves  can  produce 
both  large-scale  plasma  density  fluctuations  and  large-scale  geomagnetic  field  fluctuations 
simultaneously.  The  excitation  of  this  Instability  is  examined  in  the  VLF  wave  injection 
experiments,  the  envisioned  MF  ionospheric  heating  experiments,  the  HF  ionospheric  heating 
experiments  and  the  conceptualized  Solar  Power  Satellite  project.  Significant  geomagnetic 
field  fluctuations  with  magnitudes  even  comparable  to  those  observed  in  magnetospherlc 
(sub) storms  can  be  excited  in  all  of  the  cases  investigated.  Particle  precipitation  and 
alrglow  enhancement  are  expected  to  be  the  concomitant  ionospheric  effects  associated  with 
the  wave-induced  geomagnetic  field  fluctuations. 


3*  NAMB  OP  RESPONSIBLE  INDIVIDUAL 

John  A.  Klobuchar 


31.  ABSTRACT  SECURITY  CLASSIFICATION 

Unclassified 


Z3b  TELEPHONE  NUMSSR 
Ito otabc  Amr  Cabal  m 

617-861-3988 


OPPlCS  SYMSOL 

APGL/L1S 


END 

* 

FILMED 

12-84 

'V. 

DTIC 

rrr.,  « 


